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Although a quarter of children who survive diarrhea-
associated hemolytic uremic syndrome develop long-term
renal sequelae, the prognosis of acute, self-limited Escherichia
coli O157:H7 gastroenteritis has never been previously
studied. Four years after a drinking water outbreak of E. coli
O157:H7, we examined the risk of high blood pressure
(495th percentile expected for age, sex, and height),
reduced kidney function, and microalbuminuria among
previously healthy children and adolescents. Of the 951
participants, 313 were asymptomatic during the outbreak,
305 had moderate symptoms of acute gastroenteritis, and
333 had severe symptoms that necessitated medical
attention. An additional 23 children who developed
hemolytic uremic syndrome during the outbreak were
excluded from this analysis. There were no differences in
mean systolic blood pressure between those who had no,
moderate, or severe symptoms of acute gastroenteritis
during the outbreak (109, 110, and 107 mm Hg). Similarly,
there were no group differences in diastolic blood pressure,
estimated glomerular filtration rate, or random urine albumin
to creatinine ratio (P ranged from 0.14 to 0.52), or in the
adjusted relative risk of high blood pressure, a glomerular
filtration rate o80 ml/min per 1.73 m2, or microalbuminuria
(P ranged from 0.23 to 0.89). Patients who presented to
medical attention with gastroenteritis during this E. coli
O157:H7 outbreak had an absence of renal sequelae 4 years
later. With no existing data to support screening after
self-limited E. coli O157:H7 gastroenteritis, we recommend
that only those children who develop recognized features
of hemolytic uremic syndrome be followed for long-term
renal health.
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Escherichia coli O157:H7 infections transmitted through
contaminated water and food sources may have long-term
health consequences. A quarter of children who survive E. coli
O157 hemolytic uremic syndrome may demonstrate renal
sequelae 4 years later (49 studies summarized by Garg et al.1).
However, the prognosis of acute, self-limited E. coli O157:H7
gastroenteritis is unknown. Receptors for E. coli O157:H7
Shiga toxin (also called verocytotoxin) are found within the
kidney.2 Even moderate exposure to this toxin might
permanently alter glomerular filtration and salt and water
handling,3–5 leading to hypertension and reduced kidney
function. We recently demonstrated that adults who suffered
a severe self-limited E. coli O157:H7 gastroenteritis were 30%
more likely than controls to demonstrate hypertension and
reduced kidney function 4 years later.6 Thus, following this
same bacterial contamination of a regional water supply
within Canada, we were prompted to evaluate the future risk
of high blood pressure, reduced kidney function, and
microalbuminuria among previously healthy children.
RESULTS
Baseline characteristics
The characteristics of the study participants before and
during the outbreak are presented in Table 1. Of the 951
participants, 313 had no acute symptoms, 305 had moderate
gastroenteritis, and 333 had severe gastroenteritis. The
characteristics of participants before the outbreak were
similar across the three groups of defined gastroenteritis,
with the exceptions that persons with severe gastroenteritis
were younger in age (Po0.0001), were more likely to have
had a medical check-up during the year before the outbreak
(Po0.0001), and were less likely to have a first-degree relative
with hypertension (P¼ 0.02). Compared to those with
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moderate symptoms, participants with severe symptoms were
more likely to describe bloody diarrhea (17 vs 38%,
Po0.0001), prolonged diarrhea (51 vs 73%, Po0.0001),
and fever (45 vs 66%, Po0.001) (Table 1). Of those with
severe symptoms during the outbreak, 87% described
abdominal pain, 69% visited an emergency room, and 3%
were admitted to hospital.
Blood pressure, proteinuria, and renal function
Renal function tests at last follow-up are presented in
Table 2. There were no significant differences in blood
pressure, albuminuria, or glomerular filtration rate
(GFR), across the three groups of defined gastroenteritis
(P ranged from 0.06 to 0.52). These results were consistent
in a number of supplementary and adjusted analyses
that used different definitions of acute severe illness
and different definitions for outcomes of interest. For
example, there were no differences when we compared
individuals with E. coli O157:H7-positive stool cultures to
those with no symptoms during the outbreak (Table 3a), or
when we compared individuals with a history of bloody
diarrhea to those with no symptoms during the outbreak7
(Table 3b).
DISCUSSION
Although a quarter of children who survive diarrhea-
associated hemolytic uremic syndrome demonstrate renal
sequelae approximately 4 years later, the prognosis of acute,
self-limited E. coli O157:H7 gastroenteritis is uncertain. Here,
gastroenteritis, which presented for medical attention during
an E. coli O157:H7 outbreak, was not associated with renal
sequelae 4 years later. There was even an absence of mild
sequelae such as microalbuminuria, or elevations of blood
pressure in the non-hypertensive range. This study represents
the first time the question has been examined, and
accordingly these results should be confirmed by other
investigators, particularly in those settings where presenting
symptoms are severe. However, as there are no existing data
to support the clinical or cost-effectiveness of screening after
self-limited E. coli O157:H7 gastroenteritis, at this time we
Table 1 | Characteristics of 951 study participants before and during the outbreak







White 99 98 99
Female subjects 54 48 50
Birth weight, mean (s.d.) (kg)b 3.47 (0.53) 3.39 (0.54) 3.47 (0.54)
Before the outbreak
Age at the time of outbreak, mean (s.d.) (years) 8.4 (4.0) 8.2 (3.9) 6.4 (4.1)
Medical history
Arthritis 0.3 1.3 0
Tobacco smoking 1.3 2.6 0.6
Medical check-up during the previous year 45 50 64
First-degree relative with hypertension 21 15 14
First-degree relative with kidney failure 0.64 0 0.60
Body mass index, mean (s.d.) (kg/m2) 19.4 (4.2) 19.3 (4.4) 18.7 (4.2)
Serum creatinine level, mean (s.d.) (mmol/l)b 47 (13) 48 (9) 40 (10)
Fasting blood glucose level, mean (s.d.) (mmol/l)b 4.5 (0.3) 4.6 (0.6) 4.7 (0.3)
During the outbreak
Drank from contaminated municipal water source 97 99 98
Self-reported symptoms
Diarrhea
Duration, median (days) — 4–5 6–7
X4 stools per day for X3 days — 51 73
Bloody diarrhea — 17 38
Abdominal pain — 85 87
Fever — 45 66
Documented use of health-care services
Visited an emergency room — 0 69
Admitted to hospital — 0 3
Stool positive for E. coli O157:H7c — 0 21
Stool positive for Campylobacterc — 0 11
s.d., standard deviation; —, not applicable.
aUnless otherwise stated.
bComplete data were available for all participants except birth weight, serum creatinine level, and fasting glucose level, which were available in 38, 4, and 2% of the
participants, respectively.
cLocal health services were overwhelmed during the outbreak and stool cultures were not routinely performed once the source and nature of the infection was identified.
A total of 70 participants had a stool positive for E. coli O157:H7 (bacteria or Shiga toxin) and 36 a stool positive for Campylobacter.
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recommend that only those children who develop recognized
features of hemolytic uremic syndrome be followed for long-
term renal health.
Large water-borne infectious outbreaks are extremely rare
within Western nations. The willingness of the local
community to participate in this study has enabled us to
obtain detailed information and measurements about their
previous and current health. We collected data on a group of
participants from the same community who acted as
controls, and in follow-up they had standardized measure-
ments performed at contemporaneous times to those who
were ill. There may never again be an opportunity to study
systematically the subsequent effects of self-limited E. coli
O157:H7 gastroenteritis, from a single, well-defined source of
infection such as this.
However, there are limitations to the study’s framework,
which stemmed from the unique circumstances surrounding
this environmental outbreak, and these need to be appreciated.
Although E. coli O157 was the primary bacteria isolated in
the contaminated drinking water source, Campylobacter, a
bacterium not typically associated with renal sequelae, was
also present. Whereas some individuals with severe gastro-
enteritis demonstrated evidence of coinfection, others may
have become ill from predominantly one type of bacteria.
Unfortunately, stool cultures were not routinely performed
during the outbreak once the source of infection was known.
Even when preformed, such cultures can be negative in the
setting of true E. coli O157:H7 gastroenteritis.8 Thus, we
cannot precisely attribute gastrointestinal symptoms in all
participants to E. coli O157:H7. In our primary analysis, we
classified participants according to those who sought medical
attention for gastroenteritis, and considered this as a single
entity attributable to either or both pathogens.9 Unlike a
similar analysis performed in adults,6 in children there was
no evidence of renal sequelae 4 years after symptomatic
gastroenteritis. This conclusion was confirmed when we
restricted our analyses to those individuals with bloody
diarrhea or stool cultures positive for E. coli O157:H7 – in
these supplementary analyses, point estimates for outcomes
of interest were no different from controls (Table 3a and b).
However, the number of participants in these analyses was
limited. It remains possible, although unlikely, that for
reasons of statistical power an association of small magnitude
was missed in such supplementary analyses, if in truth it did
exist.
Although participation biases may be a reason for the
observed lack of association, a previous analysis concluded
that the study sample was sufficiently representative of the
target population to generate relatively unbiased estimates of
disease association.10 The differential rates of follow-up
among participants in the three groups of defined gastro-
enteritis were also of concern, although the magnitude of
these differences makes it unlikely that this was a source of
significant bias.
The control group used in this study may have ingested
contaminated municipal water during the outbreak, but
otherwise remained healthy without diarrhea. It is theoreti-
cally conceivable that asymptomatic E. coli O157:H7
exposure results in acute silent renal disease and long-term
renal disease. This could account for the lack of association
identified in the current study. However, we believe that the
control group used was suitable, given their blood pressure,
serum creatinine, and urine protein were similar or lower
than those of healthy children used in population reference
standards.11–13 For example, the presence of micro/macro-
albuminuria was similar across comparable aged participants
in the control group and the population reference standard
(control group: male 9.8%, female 19.6%, vs population
reference standard: male 10.7%, female 19.1%).12 Similarly,
the control group had a mean lower serum creatinine level
than healthy children in the population reference standard
(control group: male 73.1 mmol/l, female 65.4 mmol/l, vs
population reference standard: male 87.5 mmol/l, female
77.8 mmol/l).13
Table 2 | Renal function 4.0 years after the outbreak







Systolic blood pressure (mm Hg) 109 (12) 110 (13) 107 (12)
Diastolic blood pressure (mm Hg) 63 (6) 63 (6) 62 (6)
Blood pressure 495th percentile
expected for age, sex, and height (%)
5 6 5
GFR (ml/min per 1.73 m2), mean (s.d.) 131 (21) 133 (21) 130 (19)
GFR (o80 ml/min per 1.73 m2) (%)a 0.3 0 0
Urine albumin to creatinine ratio,
median (s.d.) (mg/mmol)
0.9 (22) 0.8 (16) 1.0 (6)
Micro- or macroalbuminuria (%) 15 14 13
Macroalbuminuria (%) 2 3 1
Near-complete data were available for all participants (o2% missing) with the exception of a blood pressure greater than the 95th expected percentile on at least two
occasions, which was not assessed in 21% of participants (23, 23, and 17% across the three groups of defined gastroenteritis).
To convert albumin to creatinine ratio from mg/mmol to mg/g, multiply by 8.84.
GFR, glomerular filtration rate estimated by the Schwartz formula.
aNo value was less than 60 ml/min per 1.73 m2.
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Our data collection after this unexpected outbreak partly
depended on each participant’s ability to recall their health
state at the time of the outbreak, which may have been more
than 2 years earlier. Families seeking financial compensation
for duress caused by inadequately chlorinated public drinking
water may be particularly prone to biased recall.14 For
example, had a number of truly asymptomatic participants
been misclassified with moderate gastroenteritis, this could
account for the observed lack of association between renal
outcomes and uncorroborated acute gastroenteritis. To guard
against such biased recall, we established a group with
symptoms necessitating medical attention that were con-
firmed by a medical record – in this group with gastro-
enteritis, the lack of observed association with renal
outcomes remained consistent in all our analyses.
Finally, these results differ from our adult analyses, which
demonstrated that those who suffered a self-limited E. coli
O157:H7 gastroenteritis that came to medical attention were
30% more likely than controls to demonstrate hypertension
and reduced kidney function 4 years later.6 Although it could
be hypothesized that such adults presented with more severe
disease than children, in fact both groups with gastroenteritis
had comparable presenting symptoms and rates of hospital
admission. It is possible that the adult analyses were partly
confounded – unlike children, some adult participants may
have certain unmeasured comorbidities predating the out-
break, which makes them more susceptible to an acute
gastrointestinal infection. Such individuals could subse-
quently demonstrate high rates of renal disease during
follow-up, exaggerating any true association between acute
gastroenteritis and subsequent sequelae. Alternatively, more
adults than children could have developed unrecognized
hemolytic uremic syndrome, a health state that could be
associated with more long-term sequelae. Compared to
children, adults may have been more affected by psychosocial
stress from the environmental catastrophe, which manifested
as higher rates of hypertension. It also remains conceivable
that children, unlike adults, have more renal reserve, and are
able to better compensate after an insult of E. coli O157:H7
Shiga toxin. Given the protracted time course of most
progressive renal disease, longer follow-up of this cohort may
help clarify if there is a risk of nephropathy after childhood
E. coli O157 bacterial gastroenteritis, which is not evident
4 years after such an illness.15
MATERIALS AND METHODS
Study setting, participants, and design
This cohort study took place in the context of an environmental
catastrophe, and detailed methods have been described else-
where.6,9,10,16 Briefly, Walkerton is a small rural town located in
one of Ontario’s prime agricultural areas, 180 km northwest of
Toronto, Canada. In May 2000, municipal water in Walkerton
became contaminated with bacteria. At the time of this outbreak,
heavy rainfall contributed to the transport of livestock fecal
contaminants into inadequately chlorinated drinking water, sup-
plied from a shallow well.17 Over 2300 people became ill with acute
bacterial gastroenteritis, 27 cases of hemolytic uremic syndrome
were identified, and there were six fatalities.18,19 Local health
services were overwhelmed during the outbreak, and stool cultures
were not routinely performed once the source of infection was
known. Among individuals who became acutely ill, 163 had stool
cultures positive for E. coli O157 (bacteria or its Shiga toxin), 105
had stool cultures positive for Campylobacter, and 11 had stool
cultures positive for both bacteria. No other microorganisms or
contaminants were appreciably identified in the water during the
outbreak.17 Of those 163 individuals who had stool cultures positive
for E. coli O157, 56% reported having bloody diarrhea to health
officials at the time of the outbreak. Symptoms of diarrhea (92%),
cramping (74%), fever (41%), and vomiting (39%) were also
described.18
Following this unprecedented event, we initiated a follow-up
study. Beginning in February 2002, we annually invited all
individuals who either lived in the Walkerton area, or who had
Table 3 | Additional analyses confirming an absence of renal
sequelae 4.0 years after an outbreak of E. coli O157:H7
gastroenteritis
(a) Select participants with stool cultures positive for E. coli O157:H7








E. coli O157 (n=70)
Age at the time of outbreak, mean (s.d.)
(years)
8.4 (4.0) 5.1 (4.5)
Bloody diarrhea (%) — 64
Systolic blood pressure (mm Hg) 109 (12) 105 (8)
Diastolic blood pressure (mm Hg) 63 (6) 61 (6)
Blood pressure 495th percentile
expected for age, sex, and height (%)
5 3
Urine albumin to creatinine ratio,
median (s.d.) (mg/mmol)
0.9 (22) 0.9 (5)
Micro- or macroalbuminuria (%) 15 10
GFR , mean (s.d.) (ml/min per 1.73 m2) 131 (21) 131 (18)
(b) Select participants who described the presence of bloody diarrhea









Age at the time of outbreak, mean (s.d.)
(years)
8.4 (4.0) 6.8 (4.1)
Systolic blood pressure (mm Hg) 109 (12) 108 (12)
Diastolic blood pressure (mm Hg) 63 (6) 62 (7)
Blood pressure 495th percentile
expected for age, sex, and height (%)
5 6
Urine albumin to creatinine ratio,
median (s.d.) (mg/mmol)
0.9 (22) 0.9 (5)
Micro- or macroalbuminuria (%) 15 14
GFR, mean (s.d.) (ml/min per 1.73 m2) 131 (21) 131 (19)
—, not applicable.
To convert albumin to creatinine ratio from mg/mmol to mg/g, multiply by 8.84.
GFR, glomerular filtration rate estimated by the Schwartz formula.
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consumed municipal water at the time of the outbreak, to attend a
study clinic. A total of 4496 participants (3423 adults, 1073 children
and adolescents) were enrolled, representing about 55% of the
town’s population and 82% of those who were acutely ill during the
outbreak (population sampling and selection issues summarized by
Garg et al.10). Parents answered questions for younger children.
Of the 4496 participants, 1073 children and adolescents up to 17
years of age were eligible for this analysis. To assess for the risk of
renal impairment in association with acute gastroenteritis, we
subsequently excluded participants with chronic gastroenteritis,
diabetes mellitus, or abnormal renal function tests at any time
predating the outbreak (n¼ 53) and those who were exposed to
contaminated water while in utero (n¼ 46). Outcomes for children
who developed hemolytic uremic syndrome during the outbreak are
described elsewhere (n¼ 23).16 Thus, 951 participants were included
in the current study.
Acute gastroenteritis during outbreak
After obtaining written consent, the historical medical records of
each participant were reviewed. We divided all participants into
three groups, reflecting the presence and severity of acute
gastroenteritis at the time of the outbreak: (1) those who were
asymptomatic during the outbreak (who acted as the ‘control’ group
for this analysis), (2) those with moderate symptoms of acute self-
limited gastroenteritis, which could neither be confirmed nor
refuted by prior health records as the participant did not present to
medical attention (‘moderate gastroenteritis’), and (3) those with
symptoms of acute gastroenteritis who presented to medical
attention (‘severe gastroenteritis’). This gradient of acute illness
was developed and validated elsewhere.9
Blood pressure, proteinuria, and renal function
measurements
Participants were last followed a median of 4.0 years after the
outbreak (mean 3.7 years, standard deviation (s.d.) 0.7, range
1.7–4.4 years). There was a statistical difference in the mean duration
to last follow-up across the three groups of defined gastroenteritis
(3.67, 3.64, and 3.79 years, P¼ 0.03), although the magnitude of this
difference was small.
At each annual visit, blood pressure, urine albumin to creatinine
ratio, and serum creatinine were measured by comprehensive, well-
validated protocols, and these techniques have been described in
detail elsewhere.6,16 In brief, three blood pressure measurements
were averaged at each visit. High blood pressure was defined by a
systolic or diastolic blood pressure greater than the 95th percentile
expected for age, sex, and height on two or more visits.11,20 GFR was
estimated from serum creatinine using the Schwartz formula,21 and
albumin and creatinine concentrations were quantified in random
daytime spot urine samples. Microalbuminuria was defined by an
albumin to creatinine ratio between 3.4 and 33.9 mg/mmol
(30–300 mg/g), whereas macroalbuminuria was defined by a value
greater than 33.9 mg/mmol. These cutoff points were used in the
Third National Health and Nutrition Examination Survey
(NHANES III) on urine specimens collected in a similar fashion,
facilitating comparisons with our data.12,22
Statistical analysis
To test for differences across the three groups of defined
gastroenteritis in the three primary continuous outcomes (blood
pressure, GFR, and logarithm of the urine albumin to creatinine
ratio at last follow-up), and for differences in the baseline
characteristics, we used a one-way analysis of variance. We used
Hochberg’s23 sequentially rejective procedure to account for
multiple statistical testing when examining the three primary
outcomes. Based on variance estimates in the data, there was at
least 80% statistical power to detect a difference of 3 mm Hg in
systolic blood pressure, 2 mm Hg in diastolic blood pressure, 0.25 U
in the log urine albumin to creatinine ratio, and 5 ml/min per
1.73 m2 in GFR between asymptomatic controls and those with
severe gastroenteritis. To test for differences in dichotomous baseline
characteristics and outcomes, the Cochran–Armitage test for trend
was used to compare the three groups of defined gastroenteritis,24
and a w2 test was used when only comparing two groups of defined
gastroenteritis.
The crude and adjusted relative risk of high blood pressure,
albuminuria (micro or macro), or a GFR o80 ml/min per 1.73 m2
after acute gastroenteritis was calculated in multivariate Poisson
regression, along with a 95% confidence interval.25,26 Participants
with no symptoms at the time of the outbreak served as the referent
group. We adjusted for the following variables, selected a priori: sex,
age (1-year increments), and a family history of kidney failure or
hypertension. To account for possible differences in access to health
care or health surveillance after the outbreak, we also adjusted for
the presence of a health assessment in the year before the outbreak.
All analyses were conducted using SAS 8.02 (SAS Institute Inc.,
Cary, NC, USA). The University of Western Ontario Ethics Review
Board approved the study protocol.
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